: Red deer Cervus elaphus vigilance behaviour differs with habitat and type of human disturbance. -Wildl. Biol. 14: [81][82][83][84][85][86][87][88][89][90][91] Red deer Cervus elaphus, even in wilderness areas, are increasingly exposed to disturbance from human recreation as well as hunting, and it has been suggested that both types of disturbance may be perceived as a predation risk. We studied the vigilance behaviour of red deer in the Scottish Highlands, in sites with traditionally high numbers of visitors ('disturbed') and sites with relatively few visitors ('less-disturbed') during the main recreational season (spring and summer), and in their mating grounds during the hunting season (autumn and winter). We carried out direct observations, using scan sampling at 3-minute intervals for 1-hour periods, and recorded the number of animals in each group that were vigilant and their mode of vigilance. During the recreational season, in both the disturbed and less-disturbed sites, data were collected in habitats with different levels of cover (grassland, heather and woodland). The percentage of animals that were vigilant was higher in disturbed than in less-disturbed sites, and higher in disturbed grassland (poor cover) and heather (intermediate cover) than in disturbed woodland (good cover). The majority of the vigilant animals in disturbed heather and woodland habitats and in all the less-disturbed habitats were standing. In disturbed grassland, however, lying was the main posture whilst vigilant. In both disturbed grassland and heather, the percentage of vigilant animals that were moving was higher than in woodland or the less-disturbed habitats. In disturbed sites, the deer were more likely to be aggregated when vigilance levels were high. During the hunting season, the overall level of vigilance was higher than at any sites during the recreational season, and the majority of vigilant animals were moving. We conclude that red deer respond to disturbance from human recreational activities by increasing their level of vigilance, but that the nature of their response varies with the level of cover available. We suggest that red deer may lie down when keeping vigil in grasslands, because lying animals are less conspicuous and the low cover will still allow animals to scan their surroundings. We conclude that, although they respond to both types of disturbance by increasing vigilance, red deer perceive human recreation as a less acute threat than hunting.
Human disturbance to wildlife species occurs as a result of hunting (Kilgo et al. 1998 , Janis & Clark 2002 , but also as a result of recreational activities (Hamr 1988 , Nellemann et al. 2000 . When animals are disturbed by predators they need to adjust their habitat selection rules, making a trade-off between 'fitness-enhancing' and 'survival-enhancing' activities (Lima & Dill 1990 ) and behaving in a way that minimises the ratio of mortality risk to net energy intake and the effects of stress (Lima 1998) . Animals adopt a diverse set of behaviours to avoid predators and enhance survival (Caro et al. 2004) , with vigilance being one of the most frequently studied (McNamara & Houston 1992 , Lima 1998 ). The 'humancaused predation risk' hypothesis states that animals also perceive disturbance from activities such as human recreation as a predation risk (Frid & Dill 2002) . Indeed, studies of the effects of human recreational disturbance on animal behaviour have demonstrated similar impacts to those of predation, such as decreased breeding success in some bird species (Piatt et al. 1990 , Giese 1996 and avoidance of energetically profitable, but disturbed, habitats in mammals, (e.g. chamois Rupicapra rupicapra (Gander & Ingold 1997) and pygmy marmosets Callithrix pygmaea (de la Torre et al. 2000) ). Several studies have also suggested that an animal's overall assessment of habitat quality takes disturbance into account by paying attention to the amount of cover providing protection against predation (Dill & Houtman 1989 , Bonenfant & Kramer 1996 .
Although it is argued that recreation is analogous to predation and capable of initiating similar behavioural responses, empirical evidence is scarce, as most studies have concentrated on either the effects of disturbance (reviews in Frid & Dill 2002) or the effects of predation (reviews in Lima 1998) . Nonetheless, it has been shown that both predation and disturbance elicit similar behaviours such as increased vigilance and the formation of larger groups (Lima & Dill 1990 , Roberts 1996 , Papouchis et al. 2001 , Fernandez-Juricic & Schroeder 2003 . However, in most cases, the study species were exposed to natural predators as well as recreational disturbance, making it impossible to evaluate the response to either type of disturbance independently.
Due to the extinction of their natural predators, red deer Cervus elaphus in the Scottish Highlands face predation only by humans, which traditionally takes place during autumn (for males) and winter (for females) in the form of hunting by stalking, where small numbers of people approach silently on foot and individual animals are shot from some distance away by expert marksmen. However, Scottish deer are also increasingly exposed to disturbance from recreational activities, such as hillwalking, cycling and mountaineering (Staines & Scott 1994) , which peaks between late spring and late summer. Red deer in the Scottish Highlands therefore provide an opportunity for studying the responses to each type of disturbance independently. By observing animals living and feeding in both disturbed and undisturbed areas during the recreational season, we tested the hypotheses that disturbance increases vigilance in red deer and that the response varies with habitat, depending on the level of cover provided. Although a direct comparison of the effects of recreational disturbance and predation at the same time of year was not possible, the vigilance behaviour of deer in the recreational season was compared with vigilance behaviour during the hunting season, in order to test the human-caused predation risk hypothesis.
Material and methods

Study area
We conducted observations of red deer behaviour in the Eastern Grampian Mountains of Scotland, within an area stretching from latitude 56
• 55'N to 57
• 03'N and from longitude 3
• 08'W to 3
• 23'W. The area consists of submontane vegetation and heather moorland, which are the dominant vegetation types found in the area, with native woodland, grassland and wetland covering most of the lower altitude areas (Gimingham 2002) .
Within the study area, sites with different levels of disturbance ('disturbed' and 'less-disturbed') were identified from a combination of anecdotal information, historical data from local people counters, and reconnaissance surveys carried out to determine visitor flow within the selected sites. The sites which were designated as disturbed were all within 500 m or so of established walking tracks, in an area that is popular with visitors for its amenity value and as an access route into the mountains for hillwalkers and rock climbers. Automatic counting equipment situated beside the main track in this area recorded an average of 264 visitors per day, with 441 per day recorded over the summer months (June-August), during the three years prior to our study (G. Jones, unpubl. data) . The sites which were designated as less-disturbed tended to be on higher ground and further away from the tracks, and generally received <10 visitors per day (G. Jones, pers. comm.).
Data collection
We collected data during the main recreational season (spring-summer) and the hunting season (autumn-winter). During the recreational season, at each disturbed site, we collected data in three habitats: grassland (DG) consisting of grasses, sedges and rushes, heather moorland (DH) consisting mainly of evergreen dwarf-shrub heather Calluna vulgaris and woodland (DW) dominated by Scots pine Pinus sylvestris. At each less-disturbed site, we collected data in mixed grass/heather habitats (LDGH) where grass and heather communities were intermingled due to the higher altitude, and in woodland (LDW). Hereafter, these five different combinations of disturbance level and habitat are referred to as 'habitat types'. During the hunting season, we only collected data from mixed grass/heather habitats in the less-disturbed sites as the deer congregated there for breeding.
We visited each site approximately once a week and behaviour data were collected between 10:00 and 17:00 hours on each occasion. We collected data both on weekdays and at weekends and carried out observations on male (stag), female (hind) and mixed groups, with a mean size of 32 (SD = 29.5) individuals. As it was not possible to predict when or where animals would be available for observation, data were collected from whichever groups were present during expeditions to the observation sites and this necessarily resulted in unbalanced numbers of observations. However, we collected data from at least six different 'patches' within each habitat type to control for variation at the level of patch. No deer group was observed twice on the same day, unless they joined with other deer to form a new group in a new habitat. As it was not possible to identify individual animals, the frequency with which animals were resampled is not known. A total of 96 1-hour observations were made during the recreational season, and 14 1-hour observations during the hunting season. The former were distributed across habitat types as follows: DG = 27, DH = 15, LDGH = 38, DW = 6 and LDW = 10, and the latter were all made in the LDGH habitat. Fewer observations were made in woodland than in other habitats, due to the difficulty of seeing animals in woodland and the difficulty of approaching deer through thick vegetation without disturbing them. In order to avoid conflict with hunters, none of the observations carried out during the hunting season were of individuals or groups of deer that were being hunted at the time of the observations. We collected data by scan sampling (Lehner 1996) , using hand-held binoculars (10 × 42) and a spotting scope (20 × 60). During each 1-hour observation period, we recorded the number of animals performing each behaviour type (Table 1) every three minutes, leading to 20 observations per hour. Observations were categorised for analysis in the following way:
• site disturbance category: disturbed or lessdisturbed; • distance from observer: <100 m, 101-500 m and >500 m; • elevation relative to footpaths: same, 100 m above and >100 m above; • distance from footpaths: <250 m, 251-500 m and >500 m; • number of people passing within 300 m of the group during the observations: 0, 1-10, 11-50, and >50; • presence or absence of dogs; • sex of deer group: male, female and mixed; • group size: 3-9, 10-19, 20-49 and >49;
• degree of group dispersion: aggregated, partially aggregated and dispersed.
All distances were estimated by eye. Groups were considered to be 'aggregated' if individual animals were <2 deer-lengths apart, and 'dispersed' if individuals were > 2 deer-lengths apart (Tidhar 2000) . 'Partially aggregated' groups had some individuals in both categories.
Data analysis
We calculated the percentage of animals in a group performing each type of behaviour (see Table 1 ) at each scan, and mean percentages were then calculated for each observation period. We then calculated the total percentages of animals that were vigilant or non-vigilant, by summing the percentages of animals for each behaviour type and transformed the mean percentage values into angular form for analysis. We carried out all statistical analyses using Genstat version 7.2 (Lawes Agricultural Trust 2003).
We used General Linear Models (GLM) to test for effects of the various explanatory variables on the percentage of vigilant animals, once the effects of level of disturbance and habitat were taken into account, although we only analysed the relationship between the degree of group dispersion and vigilance in the disturbed sites. We used two-sample t-tests to make comparisons of the percentages of animals engaged in vigilant behaviours, nonvigilant behaviours and feeding and in disturbed and less-disturbed sites during the recreational season. We also made comparisons between percentages of animals engaged in these behaviours during the recreational season and the hunting season. As we did not make observations of deer in woodland during the hunting season, we used a subset of the data for the recreational season to make comparisons between the two seasons, which excluded all observations made in woodland.
To analyse the variation in mode of vigilance, we calculated the percentages of all vigilant animals that were engaged in each type of vigilance behaviour (standing, lying or moving). Initially, mixed models with patch as a random effect were fitted using Residual Maximum Likelihood (REML) in Genstat (Lawes Agricultural Trust 2003) , in order to determine whether a significant amount of variation was explained by patch. When no significant effect of patch was found, we fitted the data using GLM, with habitat type as the fixed effect and the percentage of animals performing each mode of vigilance as the response variable. We then carried out multiple comparisons of each habitat type to test whether the result for any particular habitat type was different from each of the others, using Tukey's test at the 98% probability level. For comparisons of the percentages of animals performing each mode of vigilance in the recreationally disturbed and lessdisturbed sites and during the hunting season, we used t-tests (see above).
As a second approach, we used Canonical Variate Analysis on the full set of data for the recreational season, i.e. the percentages of animals performing each of the various behavioural types (see Table 1 ), to confirm where the main differences between habitat types lay. This analysis also indicated which of the behavioural variables are most likely to have been responsible for these differences. Canonical Variate Analysis forms linear combinations of variables, while maximising between-group variance rather than between-sample variance. We used habitat type as the grouping factor and included all recorded behaviour types (see Table 1 ) as variables.
Results
Effects of disturbance on behaviour during the recreational season
A larger percentage of animals were vigilant in the disturbed sites than in the less-disturbed sites (t = 10.59, P < 0.001, df = 49), with a smaller percentage performing non-vigilant behaviours (t = -4.2, P < 0.001, df = 81) or feeding (t = -2.71, P = 0.008, df = 94; Fig. 1 ). There was no effect of the number of people walking within 300 m of the deer at the time of observation (F 3,95 = 0.16, P = 0.923), although there was a trend for more deer to be vigilant when dogs were present (34.2 ± 2.6%) than when dogs were absent (13.7 ± 2.1%; F 1,90 = 7.44, P = 0.073). There were also no effects of group size or sex, distance from observer, distance from footpath or elevation in relation to the footpath. In disturbed sites, the percentage of deer that were vigilant declined as the degree of dispersion of the herd increased (F 2,47 = 24.56, P <0.001), with a mean of 51.1 ± 3.0% of animals vigilant in groups that were aggregated, 29.5 ± 2.2% in groups that were partially aggregated and only 17.0 ± 2.8% in groups that were dispersed.
Within the disturbed sites, there was no difference in the percentage of deer that were vigilant in grassland and heather moorland, but both were greater than the percentage vigilant in woodland (DG = 40.0 ± 3.16, DH = 36.0 ± 4.50, DW = 10.0 ± 1.88; Tukey's test: F 2,47 = 8.54, P < 0.001). The percentages of animals moving, standing or lying when vigilant in the various habitats (Fig. 2) show that vigilant standing was the main mode of vigilance in all habitats except in disturbed grassland (F 4,95 = 17.82, P < 0.001), with the lowest percentage of animals standing when vigilant in disturbed grassland and the highest in woodland. The percentage of animals that were lying when vigilant was higher in disturbed grassland than in other habitats (F 4,95 = 6.80, P < 0.001). The percentage of animals that were moving when vigilant was higher in both disturbed grass and disturbed heather than in the other habitats (F 4,95 = 8.25, P < 0.001).
The Canonical Variate Analysis indicated that the observations fell into three distinct groups: 1) all less-disturbed habitats plus disturbed woodland, 2) disturbed grassland and 3) disturbed heather (Fig. 3) . The first canonical variate (CV1) separated the disturbed grassland and heather habitats from all the other habitats, whereas the second canonical variate (CV2) separated disturbed grassland from disturbed heather. The percentage variances explained by CV1 and CV2 were 83.61 and 13.01, respectively, and loading values for the different behaviours are shown in Table 2 . For CV1, vigilant behaviours had negative loadings and non-vigilant behaviours had positive loadings, indicating that the separation between the observations in group 1 and the other groups was mainly due to differences in the balance of animals performing vigil- 
Comparison of behaviour during the recreation and hunting seasons
The mean percentage of animals performing vigilant behaviours during observations in the lessdisturbed sites during the recreational season was much lower than in the same sites during the hunting season (t = 10.95, P < 0.001, df = 14), with a higher percentage performing non-vigilant behaviours (t = 3.84, P < 0.001, df = 51) and feeding (t = 5.21, P < 0.001, df = 42; Fig. 4) . The mean percentage of animals that were vigilant in the disturbed grass and heather sites during the recreational season was also lower than in the recreationally less-disturbed sites during the hunting season (t = -3.73, P < 0.001, df = 55) with more feeding (t = 2.64, P = 0.011, df = 55), although there was no difference in the percentage of animals performing non-vigilant behaviours (t = 1.02, P = 0.314, df = 55; see Fig. 4 ).
The percentage of animals standing when vigilant was greater in less-disturbed sites than in disturbed sites during the recreational season (65.9 vs 34.2%, t = -4.81, P < 0.001, df = 78), and both were greater than the percentage standing when vigilant during the hunting season (22.2 ± 3.0%; t = 2.25, P = 0.028, df = 54; Fig. 5 ). Consequently, there was a tendency for the percentage of animals lying when vigilant to be lower in less disturbed sites than in disturbed sites during the recreational season (30.7 vs 44.4%; t = 1.78, P = 0.078, df = 78), but both were still greater than the percentage of animals lying when vigilant during the hunting season (11.1 ± 6.2%; t = 2.19, P = 0.033, df = 51). Vigilant moving was the main mode of vigilance during the hunting season, and much more prevalent than during the recreational season, with 66.6 ± 6.0% of animals moving when vigilant, compared to 21.4 ± 3.0% in recreationally disturbed sites (t = -7.19, P < 0.001, df = 55) and 3.7 ± 1.2% in the less-disturbed sites (t = 10.13, P <0.001, df = 16). 
Discussion
Recreational disturbance
During the recreational season, red deer were more vigilant in regularly disturbed habitats than in less-disturbed habitats and the animals appeared to make a clear trade-off between being vigilant and feeding, as less deer were seen to be feeding at disturbed sites. We analysed the results in relation to how far the deer were from footpaths, their elevation in relation to the footpaths and how far they were from the observer. Clearly, these variables were often confounded; for example, elevation is likely to increase with distance from paths in such terrain. However, no significant effects of any of these spatial variables were found. Surprisingly, vigilance behaviour was also unaffected by the number of people walking along the footpaths during the observations. In a previous study, red deer stags in a similar environment were affected by the numbers of people walking past at the time, and the animals were found to be approximately 100 m further away from footpaths on Sundays when visitor numbers were high, than on Wednesdays when they were lower (Sibbald et al. 2001 ). However, it is possible that in the disturbed sites in our study the deer had already located themselves beyond a threshold distance at which they could tolerate people. In our study, several free-roaming dogs were observed accompanying walkers. When the dogs encroached into the deer feeding areas, they caused increased levels of vigilance and aggregation of the deer. This finding, that the deer responded to dogs more than to people on foot, is supported by similar findings for other species such as free-ranging sheep (MacArthur et al. 1979 (MacArthur et al. , 1982 , domestic cattle (Welp et al. 2004 ), western snowy plovers Charadrius alexandrinus nivosus (Lafferty 2001) and sanderlings Calidris alba (Thomas et al. 2003) . Although extinct in Britain today, wolves Canis lupus historically lived alongside red deer (Clutton-Brock & Albon 1989), which could have resulted in deer evolving anti-predator defences against canid species, even though a lack of predation over time (Berger et al. 2001 ) and a current lack of predators (Boving & Post 1997 , Sand et al. 2006 can sometimes lead to a reduced sensitivity to predators.
There was a very clear effect of habitat on the mode of vigilance shown in the disturbed sites. The grassland habitats in our study consisted of short, green vegetation, and red deer were mainly lying when they were vigilant. This could be because grass provides very little cover, making it advantageous to lie down when being vigilant, as standing animals are very conspicuous in open habitats. Also, due to the openness of grassland deer can still scan the surroundings when they are lying down, which is harder to do in woodland. It could also be due to direct exposure to wind, since lying down is more energy-efficient than standing against the wind. One of the fundamental assumptions underlying most vigilance models is that animals are unable to be vigilant while feeding (Pulliam et al. 1982 , McNamara & Houston 1992 . However, Lima & Bednekoff (1999) suggested that vigilance could be of two types; overt head-up vigilance, which is high quality but energetically costly, or head-down vigilance, which is lower quality but does not prevent animals from feeding. For animals grazing with their heads down, it should be much easier to detect a change in the vigilance behaviour of a group member that is lying down than one that is standing, making it possible that vigilant lying deer are facilitating the grazers. It has been argued that an advantage of being in a group is that it allows individuals to feed while benefiting from the vigilance of others in the group (Pulliam et al. 1982 , Elgar et al. 1984 , although this has been disputed (Lima 1995) . More deer were seen lying down while vigilant in grassland and in the mixed grass/heather habitats than in pure heather or woodland habitats, supporting the argument that this behaviour may be an adaptation for grassland.
Several studies have demonstrated the importance of refuges for reducing vigilance behaviour caused by human recreational disturbance (Frid 1997 , Evans & Day 2002 . While it has been found that animals decrease their level of vigilance when they are near cover (Ikuta & Blumstein 2003) , observations of vigilance behaviour inside refuge areas are scarce. In our study, the Canonical Variate Analysis demonstrated very clearly that the level of vigilance behaviour in disturbed woodland was different from that seen in the other disturbed habitats and similar to that in the lessdisturbed sites. This is most likely to be due to the high level of cover provided by woodland, and the availability of good cover is likely to explain why vigilant animals moved very little in disturbed woodland, compared to the grass and heather habitats. The results of the Canonical Variate Analysis also demonstrated that behaviour in disturbed grassland and heather differed primarily in the percentage of animals standing when vigilant. The similar colouring of heather and red deer and the extra height of the heather plants will help to camouflage any lying animals, so that there will be less need for vigilance while lying down. Heather moorland is also found mainly on the slopes of glens and hills (Gimingham 2002 ) and standing red deer will be more prominent in elevated positions, making it necessary to be more vigilant.
Greater tolerance of conspecifics when forming large groups as an anti-predator defense mechanism has been well documented for encounters with real predators (Endler 1991 , Cresswell 1994 , as animals trade-off the risk of interference and depletion of resources for the better protection which results from moving closer together. Our results contradict the findings of some other studies which found that, when faced with real predators, levels of vigilance increased as the distance between group members increased (Lazarus 1979 , Elgar et al. 1984 , Poysa 1994 . However, it is not possible to attribute cause and effect, and it is likely that a correlation between aggregation and vigilance will occur simply because deer react to disturbance by increasing both vigilance and their degree of aggregation.
Hunting disturbance
Observing red deer during the hunting season was more difficult than during the recreation season, hence the lower numbers of observations. This was due to the fact that the animals moved between sites more frequently and the time available for observations was shorter. It was also not possible to observe animals in recreationally disturbed areas during the hunting season. With the onset of mating, deer were found predominantly on the higher grounds that had been identified as less-disturbed sites during the recreation season, and hunting tended to be concentrated in these areas. Because of this, the observations of vigilance in deer exposed to disturbance from hunting were both temporally and spatially segregated from those of deer exposed to disturbance from recreation. However, the fact that vigilance was greatest during the hunting season, even though the deer occupied areas normally associated with low levels of disturbance from recreation, suggests that hunting produces a greater vigilance response. There appeared to be an even greater trade-off with feeding than there was during the recreational season, since even fewer deer were feeding during observations made in the hunting season. However, this could be due to seasonal variations in appetite, as the appetites of both stags (Kay 1978) and hinds (Milne et al. 1990 ) are known to decrease during the autumn. Also, red deer invest a lot of time in mating activities at that time of year (Clutton-Brock et al. 1982) , so that it is not possible to estimate the precise contribution of disturbance to the overall reduction in feeding or, indeed, the increase in vigilance behaviour. In our study area, the rutting period finishes sometime during the last week of October and the first week of November (S. Blackett, pers. comm.), while the hunting season observations in our study were carried out between late October and mid-December. Over this period of time, there was a linear decline in the percentage of deer that were vigilant (slope = 0.75% per day, R 2 = 31.7, P < 0.05), suggesting that there could have been an extra component of vigilance behaviour at the start, associated with mating. However, it was not possible to quantify the intensity of hunting activities that took place during the study, so a similar decline in hunting disturbance over this period cannot be ruled out.
For the reasons mentioned above, we could not compare the behaviour of deer during the recreational season and during the hunting season in the same habitat. However, the level of cover provided by the mixed grass/heather habitat, frequented during the hunting season, was intermediate between the grassland and heather of the recreationally disturbed sites. If the deer were similarly responsive to disturbance from recreation and hunting, we might have expected to find levels and modes of vigilance that were also intermediate. Animals are known to obtain information about predation in many ways, such as using chemical cues (Kats & Dill 1998 , Sih & Kats 1994 , alarm calls and territorial markings (Lima 1994) and even lunar cycles (Kotler et al. 1993) . As hunting occurs from late summer to winter, the temporal predictability of hunting could be used by deer as a cue to alter their way of reacting to humans. It has also been shown that animals can distinguish between active and inactive predators (Dill 1974) , and between predators and nonpredators that are superficially similar (Peckarsky & Dodson 1980) . Hence, the presence of people walking along the tracks during the spring and summer could be perceived as a low risk of predation and a threat of a general nature, whereas the appearance of hunters in rarely disturbed areas during the autumn and winter could be perceived as an immediate threat, resulting in escape movement.
In summary, the results of our study demonstrate that groups of red deer in the Scottish Highlands respond to disturbance from human recreational activities by increasing their level of vigilance, and the mode of vigilance behaviour is influenced by the amount of cover provided by the habitat. One of the implications of this is that off-road human recreation is not entirely compatible with viewing deer in their natural environment. However, the provision of some type of cover, particularly in the form of woodland, is likely to be beneficial if deer are to be encouraged to feed in particular areas. Although the response to recreational disturbance is analogous to the response characteristically shown by prey species to an increased predation risk, the results do not support the human-caused predation risk hypothesis, since vigilance behaviour during the hunting season involved a much larger escape component than was seen in disturbed sites during the recreational season. However, our study was carried out in an area traditionally used for recreational pursuits, and it is possible that in more remote wilderness areas, where encounters with humans are rare, deer are unable to make such a distinction between walkers and hunters.
